In this paper, coconut leaf extract was extracted with absolute ethanol. The corrosion inhibition performance of coconut extract on X65 steel in the corrosive medium of HCl was studied using electrochemical ways, surface morphology analysis, and theoretical calculations. Experimental data of potentiodynamic polarization curves indicated that coconut extract is a mixed-type corrosion inhibitor. Surface morphology analysis test results showed that coconut leaf extract can effectively inhibit the corrosion of X65 steel. The adsorption of coconut leaf extract on the X65 steel surface conforms to the Langmuir single layer adsorption. Quantum chemical calculations and molecular dynamics simulations can effectively demonstrate that coconut leaf extracts exhibit excellent corrosion inhibition performance.
INTRODUCTION
X65 steel is widely used in the transportation of natural gas due to its good corrosion protection capability [1, 2] . Unfortunately, during prolonged service, X65 steel is clearly attacked by corrosive ions in natural gas. In order to effectively observe the corrosion of the surface of X65 steel, pickling becomes very important. Hydrochloric acid is one of the most frequently used pickling solutions [3] [4] [5] . Although pickling can effectively remove the corrosive medium on the X65 steel surface, it also corrodes the X65 steel substrate to some extent. Therefore, the addition of corrosion inhibitors to the pickling solution has become one of the simplest and most effective methods to inhibit the corrosion of metal [6] [7] [8] [9] [10] . Adding corrosion inhibitor can not only effectively inhibit the corrosion of hydrochloric acid on the X65 steel substrate, but also effectively reduce the use of hydrochloric acid. Therefore, the research and development of corrosion inhibitors has important industrial application value.
Generally, organic corrosion inhibitors contain conjugated functional groups and contain heteroatoms such as oxygen (O), sulfur (S), nitrogen (N), phosphorus (P), etc [11] [12] [13] [14] . These heteroatoms provide a lone pair of electrons that can bond to the empty orbitals of the metal. Although organic corrosion inhibitors can effectively inhibit metal corrosion, many organic corrosion inhibitors can pose certain threats to humans and the ecological environment [15, 16] . Therefore, research on high-efficiency and non-toxic corrosion inhibitors has become a hot spot for corrosion workers.
Wang et al. [17] researched Ficus tikoua leaves extract as an eco-friendly corrosion inhibitor for carbon steel in HCl media. The electrochemical results reveal that the extract inhibitors act as a mixedtype with an inhibition efficiency up to 95.8% at 298 K. Qiang et al. [18] researched Ginkgo leaf extract as an eco-friendly corrosion inhibitor of X70 steel in HCl solution. The inhibition efficiency exceeded 90% in the presence of 200 mg/L GLE at all of the tested temperatures. Ramezanzadeh et al. [19] researched corrosion inhibition of mild steel in 1 M HCl solution by ethanolic extract of eco-friendly Mangifera indica (mango) leaves. Results revealed that with increasing inhibitor concentration and immersion time the inhibition efficiency increased and reached the maximum value of 92% after 24 h in the presence of 1000 ppm inhibitor. In our work, it can be found that the coconut leaf extract has a concentration of 400 mg/L at 298 K. The corrosion inhibition efficiency is up to 94%.
In this work, coconut leaf extract (CLE) was studied as a highly effective environmentally friendly corrosion inhibitor. It is well known that coconut leaves grow under tropical temperatures. It grows fast and has a wide range of sources. Therefore, it is an ideal raw material as a corrosion inhibitor. We extracted the coconut leaves by pure extraction. The corrosion inhibition performance of the obtained coconut leaf extract was experimentally and theoretically studied. The experimental results show that the coconut leaf extract exhibits excellent corrosion inhibition performance.
EXPERIMENTAL METHOD

Preparation of coconut leaf extract
The coconut leaves were collected in Hainan, China, cleaned with ultrapure water, dried for 60 h at 343 K, and then ground to powder. The 40 g coconut leaves powder were refluxed in 75% alcohol at 363 K for 6 h. Then, the solution was concentrated in a rotary evaporator, and then dried in a vacuum dry oven for 48 h. Put the obtained 5 g of coconut leaves powder into the desiccator for use. The coconut leaf extract was characterized by Fourier transform infrared spectroscopy (Nicolet iS50) with the range of 400−4000 cm -1 .
Preparation of electrode materials and solutions
The chemical composition of X65 steel is shown in Table 1 . The size of 1×1×1 cm 3 X65 steel samples used for work electrode. The other sides of the X65 steel was sealed with epoxy resin leaving only a working area of 1×1 cm 2 . 1 M hydrochloric acid solution was prepared with ultrapure water and concentrated hydrochloric acid. The extracted coconut leaf extract was formulated into the test solution of 50, 100, 200, 300, and 400 mg/L.
Electrochemical tests
All electrochemical experiments in this paper were performed on the CHI604D electrochemical workstation in a traditional three-electrode system. In this three-electrode system, X65 steel was used as the working electrode, platinum electrode was used as the counter electrode, and saturated calomel electrode was used as the reference electrode. X65 steel needs to be sanded in 400 to 2000 # sandpapers before conducting electrochemical experiments. After polishing, the surface of X65 steel is cleaned with ultrapure water. Finally, dry in anhydrous ethanol for use. The electrochemical test consists of three parts. Firstly, the measurement of the open circuit potential was carried out, and the time was selected to be 1800 seconds to ensure that the X65 steel reaches a steady state. The second step was to conduct an electrochemical impedance spectroscopy test. The disturbance signal was a 10 mV peak-to-peak sinusoidal wave in the frequency range of 100 kHz -0.01 Hz. Impedance data is fitted in a Zsimpwin software. Finally, the potentiodynamic polarization curves test was performed. The range of polarization was Eocp  250 mV. The scanning rate was 0.167 mV/s. 
Surface topography analysis
After 4 h immersion in 1 mol/L hydrochloric acid without and with 400 mg/L CLE, the X65 steel samples were rinsed with deionized water, and dried under 298 K. The X65 steel morphologies of the 4 h immersion samples were tested through FE-SEM (JEOL-JSM-7800F). The X65 steel morphologies of the 2 h immersion samples with same procedure were tested through AFM (MFP-3D-BIO) with tapping mode.
Calculation details
The chemical constitutions of the coconut leaf extract were tested by the infrared spectroscopy test. We used Materials Studio (MS) software to calculate the properties of the main constitutions using DFT. Geometry Optimization as the computational tasks, GGA and PBE as the Functional, Energy was 1×10 −5 Ha, Max force was 0.002 Ha/Å, and Max displacement was 0.005 Å, respectively.
The adsorption of coconut leaf extract on the Fe(110) surface was calculated with the forcite module in MS software. Firstly, we create a Fe(110) model with a size of 20 Å × 20 Å × 40 Å. Then this vacuum layer was filled with 300 H2O molecules and a coconut leaf extract molecule. The calculated task was Dynamics, the Ensemble was NVT, the Time step was1fs, and the total calculation time was 2000 ps. Forcefield was COMPASS, Electrostatic and van der Waals were ewald. The FTIR spectroscopy of CLE is shown in Figure 1 . The broad band at 3282.5 cm −1 is related to O−H stretching. The peak located at 2918.4 cm −1 is attributed to C−H stretching vibration, and that at 1607 cm −1 to C=O. The absorption band at 1410.4 cm −1 is attributed to the framework vibration of aromatic ring. The C−H bending in −CH3 is found to be at 1235 cm −1 . The absorption band at 1072 cm −1 , which is attributed to the C−O stretching vibration [18] . By analyzing the results of infrared spectroscopy, it can be found that CLE contains a large amount of oxygen-containing functional groups.
RESULTS AND DISCUSSION
FTIR analysis
According to the related references of CLE, it can be judged based on the four organic substances. They are 4-hydroxybenzaldehyde (HDD), 4-hydroxy-3-methoxybenzoic acid (HDA), 3-(4-hydroxy-phenyl)acrylic acid (HPA) and 3-(4-hydroxy-3-methoxyphenyl)acrylic acid (HMA). Their molecular formulas are shown in Figure 2 . Figure 3 shows the potentiodynamic polarization curves at different concentrations of CLE at 298 K. It can be found that the corrosion current density decreases significantly with the increase of CLE concentration. This indicates that CLE can effectively inhibit the corrosion of X65 steel in hydrochloric acid solution. All of the cathodic polarization curves in Figure 3 showed a parallel trend, indicating that the adsorption of CLE on the surface of the X65 steel did not change the reaction mechanism of the cathode. The slope of the anode branching curves are clearly changed, indicating that the mechanism of the anodic reaction has changed. That is to say, the adsorption of coconut leaf extract on the X65 steel surface can effectively inhibit the dissolution of Fe 2+ . The Tafel extrapolation method was used to obtain the corrosion current density, the corrosion potential, and the slope of the anode and cathode. The parameters obtained are listed in Table 2 . The corrosion current density is obtained by the following formula [20] [21] [22] [23] : 
Potentiodynamic polarization curves analysis
where icorr, 0 and icorr indicate the corrosion current density of without and with coconut leaf extract, respectively. It can be found that the corrosion potential value is −0.468 V when no CLE is added. After the addition of CLE, the corrosion potential moved significantly toward the cathode, indicating that CLE inhibited the cathode more than the anode. The maximum corrosion potential change was 32 mV, significantly less than 85 mV, indicating that CLE is a mixed-type corrosion inhibitor [24] . When the concentration of CLE is 400 mg/L, the inhibition efficiency at this time is as high as 94.1%.This shows that CLE can exhibit excellent anti-corrosion performance. Figure 4 shows Niqust plot and Bode plot at different CLE concentrations for X65 steel in 1 M HCl at 298 K. As shown in Figure 4(a) , as the concentration of CLE increases, the radius of the capacitive loop increases significantly. This indicates that the charge transfer resistance is increased due to the adsorption of CLE, which has a significant inhibitory effect on the corrosion of X65 steel. The shapes of Niqust plot have not changed significantly, indicating that the adsorption of CLE on the surface of X65 steel has little change in its reaction mechanism. As shown in Fig. 4b , in the low frequency region, the capacitive reactance modulus is significantly increased by an order of magnitude. In addition, in the intermediate frequency region, the slope of the impedance modulus can be found to be close to 1. It indicates that CLE has a capacitance property in X65 steel [25] . In addition, it can be seen that only one peak appears in the phase angle, indicating that CLE only produces a time constant when adsorbed on the surface of X65 steel.
Electrochemical impedance spectroscopy
In order to understand the electrochemical impedance spectroscopy in depth, we used the equivalent circuit diagram ( Figure 5 ) to fit the EIS data. The fitted experimental data is listed in Table  3 . The calculation formula of corrosion inhibition efficiency is as follow [26] :
where Rct and Rct, 0 represent charge transfer resistance with and without CLE. In Table 3 , the electric double layer capacitance (Cdl) can be calculated by the following formulas [27, 28] :
As shown in Figure 3 , the values of Cdl decrease significantly as the concentration of CLE increases, because CLE replaces the water molecules on the surface of X65 steel. Which is explained by the following formula [29, 30] :
According to formula 5, it is found that the more the value of Cdl decreases, indicating that the more water molecules CLE replaces the surface of X65 steel, the denser the protective film is formed. In addition, it is worth mentioning that the value of the deviation index n is significantly close to 1. As the concentration of CLE increases, this indicates that CLE forms a dense protective film on the surface of X65 steel. 5 . Equivalent circuit diagram for fitting impedance spectrum data.
Adsorption isotherm model research
In order to study the specific information of CLE adsorption on the surface of X65 steel. We used different isothermal adsorption models to fit the polarization curve data. The fitted linear regression coefficients indicate that the adsorption of CLE on the surface of X65 steel conforms to the Langmuir adsorption isotherm model. The fitted data is listed in Figure 6 .
The Langmuir adsorption isotherm is as follow [31] [32] [33] [34] [35] :
where C represents the concentration of CLE. η indicates the surface coverage. Kads is the adsorption equilibrium constant. In order to explore the type of adsorption of CLE on the X65 steel surface. We used the following formula to calculate the Gibbs free energy (G 0 ads The calculated Kads and G 0 ads values are listed in Figure 6 . The value of G 0 ads is related to the types of adsorption. When the G 0 ads value is greater than −20 kJ/mol, it indicates that the corrosion inhibitor molecules are physically adsorbed on the metal surface. Table 2 ).
When the value of G 0 ads is less than −40 kJ/mol, it indicates that the corrosion inhibitor molecules are chemically adsorbed on the metal surface. When the value of G 0 ads is between −20 and −40 kJ/mol, it indicates that the corrosion inhibitor molecules have a physical and chemical adsorption interaction on the metal surface [31, 36, 37] . Therefore, it can be judged that the adsorption of CLE on the surface of X65 steel belongs to physical and chemical adsorption. Figure 7 shows the surface morphology of X65 steel under different conditions. As shown in Figure 7 (a), the surface of the X65 steel has been polished to leave a lot of scratches. Figure 7 (b) is the surface topography of X65 steel immersed in 1 M hydrochloric acid with 400 mg / L of CLE for 4 hours at 298 K. It can be found that the entire X65 steel surface is relatively flat. Figure 7 (c) is the surface topography of X65 steel immersed in 1 M hydrochloric acid for 4 hours at 298 K without CLE. It can be found that the entire X65 steel has been severely corroded. Corrosion holes are very obvious. By comparing Figures 7(b) and (c), it can be shown that CLE can exhibit excellent corrosion inhibition performance. Figure 8 shows the 3D surface morphology of X65 steel under different conditions. Figure 9 is the 2D contour map of the surface of X65 steel under different conditions. Figure 8 (a) is the 3D surface topography of polished X65 steel. After the X65 steel is just ground, the roughness of the entire surface is 8.6 nm. Figure 8 (b) is the 3D surface topography of X65 steel immersed in 1 M hydrochloric acid with 400 mg / L of CLE for 2 hours at 298 K. The roughness of the entire X65 steel surface is 10.8 nm. Figure 8 (c) is the 3D surface topography of X65 steel immersed in 1 M hydrochloric acid for 2 hours at 298 K without CLE. The roughness of the entire X65 steel surface has exceeded 40 nm. AFM test results and SEM are highly consistent. 
SEM analysis
AFM analysis
Quantum chemical calculation analysis
The quantum chemical calculation plays an important role in the research and development of new corrosion inhibitors. It can effectively predict the corrosion inhibition performance of the corrosion inhibitor by the nature of the corrosion inhibitor molecule, thereby saving a lot of material and financial resources. In this work, we calculated important quantitative parameters of coconut leaf extract by MS software. Figure 10 presents the optimized configuration of four substances in coconut leaf extract, frontier molecular orbital distribution. According to the frontier molecular orbital theory, the HOMO orbit involves the ability of molecules to give electrons. The LUMO orbital is related to the electronic ability of the molecule [38] . As shown in Figure 10 , the electron cloud densities of HDD, HPA, HDA and HMA molecules are distributed almost entirely throughout the molecules. This indicates that the four molecules are more likely to adsorb in parallel on the surface of the X65 steel. Figure 11 presents the electrostatic potential map of four substances in coconut leaf extract. Nucleophilic and electrophilic properties of a molecule represented by red and blue regions, respectively [39, 40] . It can be clearly found that the red region is mainly distributed on the oxygen-containing functional group. Therefore, these oxygen-containing functional groups can form a chemical bond with the surface of the X65 steel and adsorb on the surface of the X65 steel. Thus, CLE can exhibit excellent corrosion inhibition performance. Figure 12 shows the values of dipole moment and energy gap of four coconut leaf extracts. In general, the smaller the energy gap value, the better the corrosion inhibitor properties of the corrosion inhibitor molecules [31] . As shown in Figure 12(a) , the order of their gap values is HMA < HPA < HDD < HDA. Therefore, their order of corrosion inhibition ability for X65 steel in hydrochloric acid is HDA < HDD < HPA < HMA.
Dipole moment is also an important parameter to assessment corrosion inhibition performance. Most researchers believe that the larger the dipole value, the better the adsorption of corrosion inhibitor on the metal surface. Therefore, as shown in Figure 12 (b), HMA has the greatest contribution to the corrosion inhibition performance of X65 steel in hydrochloric acid. 
Molecular dynamics simulation analysis
Molecular dynamics simulation can effectively study the adsorption configuration of the metal surface of the corrosion inhibitor molecule. Therefore, it has been widely used in the field of research of corrosion inhibitors. Figure 13 shows the adsorption configuration of four corrosion inhibitor molecules on the surface of X65 steel. It can be found that HPA, HAD, HDD, and HMA molecules can be adsorbed on the Fe(110) surface in parallel. This is consistent with the results obtained in the molecular orbital analysis section. The binding energy of HPA, HAD, HDD, and HMA molecules on the surface of Fe(110) is obtained by the following formula [41] :
eract binding E E int − = (8) ) ( int inh subs tot eract E E E E + − = (9) where Etot stands for the total energy of the whole simulation system, Esub stands for the total energy of 300 H2O molecules and Fe(110) substrate, and Einh stands for the energy of researched molecule. The binding energy of HPA, HAD, HDD, and HMA molecules on the surface of Fe(110) are 213.1 kJ/mol, 178.9 kJ/mol, 165.3 kJ/mol, and 382.9 kJ/mol, respectively. The order of their combined energy is HMA > HPA > HDA > HDD. This is consistent with the quantitative calculation results. Figure 13 . Adsorption configurations of four corrosion inhibitor molecules on the X65 steel surface.
CONCLUSIONS
Electrochemical test results show that coconut extract shows excellent corrosion inhibition performance and is a mixed corrosion inhibitor. The adsorption of coconut extract on the surface of the X65 steel creates a relaxation process. Surface morphology analysis and electrochemical experiment results are consistent. The adsorption of coconut leaf extract on the surface of X65 steel conforms to Langmuir's single layer adsorption. Quantum chemical calculations and molecular dynamics simulations have proven that four major substances exhibit excellent corrosion inhibition performance.
